In this thesis, a two-component dark matter model involving two singlet scalar fields capable of self-interactions has been proposed and its impact on large scale structure formation has been studied through cosmological simulations. The proposed model involves simple extentions of the Standard Model with two singlet scalar fields formed non-thermally through the decay of heavier particles in the very early universe. These particles acquire their relic abundance through a 'freeze-in' mechanism. Our model assumes that the FIMP scalar fields have no interaction with any other Standard Model particle except through the Higgs doublet. The coupled Boltzmann equation of the FIMP-FIMP model was solved and the relic densities for different values of the coupling parameters were obtained and matched with PLANCK results. The masses of the FIMP particles were chosen within the allowable range for self-interaction following the prescription of Campbell et.al. (2015) [1] The impact of dark matter self interactions was studied through cosmological simulations using a modified version of the parallel TreePM code GADGET-2 and the halo mass function and halo catalog for different dark matter self interaction cross sections were obtained. Lastly, the newly developed 'Effective Theory of Structure Formation' (ETHOS) framework [2] which is a new and innovative paradigm in the study of the cosmological effects of different dark matter models was studied and using the public code, ETHOS-CAMB [2] the signatures of dark acoustic oscillations in the matter power spectrum for a particular dark matter model was obtained.
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Abstract 3 
Introduction
The observational results of PLANCK 2013 [3] , [4] collaboration reveal that baryonic (observable) matter constitutes only about 4.8 percent of the total energy budget of the universe. More than 80 percent of the matter content of the universe consists of an unknown, non-luminous, substance, called dark matter whose presence is discerned through it's gravitational interaction with observed matter. Although the particle(s) constituting dark matter is still unknown, several indirect evidences of their existence abound; amongst them being the famous Bullet Cluster [5] , flatness of rotational curves in spiral galaxies [6] , gravitational lensing [7] etc, the details of which have been discussed below.
Indirect Evidences of Dark Matter
The first evidence of the existence of dark matter came from the study of velocity dispersion of eight galaxies in the Coma Cluster by Fritz Zwicky (1933) . [8] The observed mass of these galaxies were found to be much larger than what can be expected from normal (baryonic) matter. Study of rotation curves of the Andromeda galaxy by Babcock(1939) [9] and of stars in spiral galaxies by Vera Rubin et. al. (1985) [10] showed that the circular velocity becomes constant rather than falling by 1/r 1/2 as expected from Newtonian dynamics.
For a star in a galaxy moving with a velocity v(r) at a distance r from the centre of the galaxy, the gravitational force balances the centrifugal force, given by:
where, M is the mass within radius r. Therefore, if the mass within distance r is constant, which should be the case if there is no dense invisible mass within the centre of galaxy and the star, the celocity should fall off as:
But observational results show that
for large r. Therefore, to ensure agreement with Newton's laws, it is believed that all galaxies are sitting inside halos of invisible mass that has no observational signatures and interacts only through gravitational interaction. This invisible mass came to be known as 'dark matter'. The rotation curves are shown below in Figure In the intra-cluster medium (ICM), the ambient hot gas appear to be in a state of equilibrium. The hydrostatic pressure of the gas is balanced by the mass of the galaxy.
GM (< r) r 2 4πr 2 ρ gas (r)dr = −4πr 2 dp dr dr (1.4) where ρ gas (r) is the density of gas upto radius r, p is the pressure of the gas and M (r) is the mass of the galaxy upto radius r.
The mass of stars is determined through simple Newtonian two body calculations for binary systems or through the study of main-sequence stars in a Hertzsprung-Russell(HR) diagram which shows an ordering according to star's mass. The luminosity data required for the calculations is obtained by optical satellites. Besides, galaxy clusters have ten times more X-ray gas than stars, as detected by X-ray telescopes like Chandra. The luminosity data of the gas so obtained is thus used to determine it's mass through X-ray luminosity-mass relation of local galaxy clusters [11] . It was concluded from the observations that there is not enough mass in the stars and gas to provide the necessary gravity. In order to satisfy the mass requirement, elliptical galaxies must contain about five times as much mass in dark matter as the amount present in stars and gas. One particluar observation strongly hinting at the existence of dark matter is the observation of the Bullet Cluster (Markevitch et al. (2002) [5] ). The Bullet Cluster (1E 0657-558) consists of two colliding galaxies. The stars and galaxies constituting the galaxies, being collisionless passed through each other, while the gas, being collisional accumulated in the centre of the colliding masses. Now, if the galaxies consisted of no other form of matter except stars and gas, 90 percent of the total mass of the system is expected to lie at the centre. But gravitational lensing measurements reveal that most of the mass are concentrated at two separated contours lying outside the central region, strongly hinting at the existence of some other invisible form of matter, as evident in Figure Daylan, Finkbeiner (2015) [12] Although it was initially speculated that this excess was due to hundreds of milli-second pulsars from the centre of our galaxy [13] , the hypothesis was ruled out, primarily because these pulsars have not been observed and also because the spatial extent of the emission expected from these pulsars is grossly inconsistent with that observed by FermiLAT. Therefore, its origin is considered to be the decay of a dark matter particle, [14] , [15] , [16] possibly low or intermediate mass, 'Weakly Interacting Massive Particle' (WIMP) described later. Another indirect evidence of dark matter is the anomolous 3.55 keV X-ray line, observed from the satellite XMM-Newton from an analysis of about 72 different galaxy clusters. [17] . The origin of this line is still unknown, however there are dark matter models which try to explain the same through decay of a very low mass dark matter particle of mass ∼ 7.1 keV.
[18], [19] , [20] 
Dark Matter detection experiments
Direct detection experiments aim to detect dark matter particles via their interaction or scattering with atomic nuclei that is kept in a detector buried deep under the earth. This is done to ensure that background neutrons and other particles do not interfere with the experiment. Dark matter being non-interacting with Standard Model particles passes through the layers of the earth and reaches the detector. By studying the change in energy of the detector material during a scattering event, one can calculate the mass and energy of the dark matter particle and therby put tight constraints on particle physics models of dark matter. [21] , [22] The signal rate depends on the dark matter mass, local density of dark matter in the region and its velocity distribtion. The necessary dark matter-nucleon scattering cross-section for WIMP dark matter of mass ∼ 100 GeV/c 2 is smaller than 10 [29] , [30] , [31] The PICO experiment searches for spin-independent dark matter. [32] The most sensitive dark matter detector in operation, which has been running since 2017 is the XENON1T at Gran Sasso National Laboratory in Italy. It uses pure liquid xenon cooled at -139
• F. The projected sensitivity is 2× 10 −47 cm 2 at 50 GeV/c 2 .
[33] for dark matter mass ∼ 7-10 GeV. Theoretical calculations predict such a value of cross-section for WIMP dark matter of mass ∼ 100 GeV. This discrepancy can be explained by considering the existence of low mass dark matter of mass a few GeVs. The recent observation of a dip in the 21 cm signal, at redshifts corresponding to the Cosmic Dawn [35] supports the existence of such low mass WIMPs. This is because the amplitude of the detected dip in the signal is more than twice than expected, indicating that at the epch of Cosmic Dawn, gas must have interacted with something colder, which can only be dark matter. The research suggests that the dark matter particle would not be much heavier than a proton for the dip to be as large as observed, which is well below masses predicted for the WIMP.
Other kinds of dark matter detection experiments like DAMA, rely on detecting an annual variation of the number of detection events. DAMA works by detecting flashes of light or scintillations that occur inside crystals of sodium iodide when subatomic particles hit it's nucleus. Such flashes can occur as a result of collisions by stray neutrons and other background sources. But a signal from dark matter in the Milky Way would stand out, because it would show up as a characteristic yearly modulation. This is because as the Sun moves around the Galaxy, the dark matter halo should hit the Solar System as a wind heading in it's diection, which seen from Earth would vary slightly in speed as Earth circles the Sun. Dark-matter detections depend on the speed with which the Earth moves around the Sun. Greater speed implies more detections. So the number of flashes detected would vary throughout the year. The signals should peak in early June and be at their lowest in early December. In the year 1997, DAMA/LIBRA confirmed the presence of a model-independent annual variation in the 2-6 keV range which satisfy all the features of a dark matter signal. However, there exists considerable skepticism in the physics community about the signal being an indicator of dark matter since no direct detection experiment has been able to find any signal for dark matter. Independent experiments like ANAIS [36] , based on the same technique are trying to reproduce the same result. The team will wrap up it's first year of data taking on August 2018. Other experiments like the PICO-LON [37] detector, which Japanese researchers hope to set up in the Kamioka Underground Observatory, will aim to be sensitive to low-energy events. Any detection signal from the experiment can act as a confirmation to the 2010 DAMA results which show signatures of such low-energy collisions. [38] In the next chapter, I have described the production mechanisms of dark matter and have described how the relic abundance of dark matter is obtained theoretically.
Dark Matter production and Relic Density 2.1 Thermal history
In the early universe, the thermal dark matter particles were in chemical and thermal equilibrium with the hot plasma. The extremely high temperature of the universe in the early epoch caused baryons and dark matter particles to be ultra-relativistic and their very high number density caused them to be in a constant state of collision with each other, establishing the thermal equilibrium. But as the universe expanded, the temperature cooled and the interaction rate of the particles decreased. At a particlular temperature, when the interaction rate of the dark matter particles, Γ became less than the expansion rate of the universe, the dark matter decoupled from the plasma and acquired a relic abundance. This phenomenon is called 'freezeout'. The comoving density of the particle species therefore became constant. The evolution of such a particle is shown in Figure 2 .1. Based on the thermal history, dark matter is classified into two categories: thermal and non-thermal described in detail below.
Thermal dark matter
Thermal dark matter particles were produced in the very early universe in the post inflation era by collisions of particles in the hot plasma. These particles may have been produced in pairs of particles and anti-particles which would then annihilate to form Standard Model particles. The production and annihilation processes were initially in equilibrium.
If the dark matter partice is denoted by χ and its number density is denoted by n χ , then the Boltzmann distribution function gives the evolution of its number density:
Therefore for T < m χ , the number density falls off exponentially as the tail part of the Boltzmann distribution dominates. This effect is compounded by the cooling effect of the expansion of the universe, which ultimately decreases the interaction rate of particles. Ultimately, when the interaction rate falls below the expansion rate of the universe, freeze-out occurs, and the particles acquire a relic abundance. [39] The relic density is inversely proportional to the annihilation cross section.
where Ω χ is the normalised density of the dark matter, σ is the annihilation cross-section and v is the relative velocity. The relic density is obtained by solving the following Boltzmann equation:
One popular dark matter candidate produced via thermal mechanism is the Weakly Interacting Massive Particle or WIMP. Their mass can lie in the range between a few GeV and ∼ 100 TeV.
It is found that in order to obtain the correct relic abundance of dark matter today via thermal production, the annihilation cross section required is σv 3× 10 −26 cm 3 s −1 which matches the calculated weak interaction cross-section value for WIMP dark matter particle of mass ∼ 100 GeV, i.e. electroweak scale. This apparent coincidence is called the "WIMP miracle." 
Non thermal dark matter
Unlike thermal dark matter, non-thermal dark matter was never in thermal and chemical equilibrium with the hot plasma in the early universe. This is because the interaction strength of these dark matter particles were extremely less, much less than those produced by the thermal paradigm. These type of particles were produced mainly from the decay of heavier particles in the early universe. They might also have been produced by the annihilation of particles in the hot plasma, but the rate of occurence of such a process is extremely less compared to the production from decay of heavier particles. In this scenario, the dark matter relic density is generated from a different mechanism, known as 'Freeze-in', which is exactly opposite to the freeze-out process. [40] Non-thermal dark matter is therefore slowly produced through annihilations of SM particles, until the universe becomes too cool for dark matter to be produced. The resulting dark matter abundance thus slowly increases or 'freezes in' from zero total density to the present value, never actually the equilibrium value.
Dark matter particles produced through this mechanism is generally called 'Feebly Interacting Massive Particles' or FIMP and they have masses smaller than thermally produced WIMPs. Some popular candidates for FIMPs are winos and axions, which may have been produced by a non-thermal mechanism. [41] The evolution of number density of non-thermal dark matter is depicted in Figure 2 Chapter 3 Dark Matter Self Interactions
Problems with ΛCDM model
The cosmological concordence model, called the ΛCDM, which describes dark matter as 'cold' (non-relativistc) and collisionless has been very successful in describing several large scale cosmological phenomenon like CMB fluctuations, structure formation and primordial abundances [42] , but has been observed to fail at galactic and sub-galactic scales, as suggested by N-body simulations performed with cold dark matter since the 1990s. [43] Some of these problems have been discussed below: 
The Core-Cusp Problem
However, Flores and Primack [45] ruled out cuspy profiles from DDO galaxy rotation curves, and showed them to be well approximated by cored (or pseudo-) isothermal density profiles. This is known as the core-cusp problem. The steep central density in CDM simuations is called a 'cusp' and the flat density profile is called a 'core'.
Too big to fail problem
The Milky Way's brightest dSphs (dwarf spheroidal galaxies) are expected to lie in the most massive sub halos. But CDM only simulations predict too high central densities to host the observed satellites. It is called 'too big to fail problem' because of the assumption that the Milky Way is 'too big' to fail to form big stars. [46] 
Missing satellites problem
Cosmological simulations suggest that a Milly Way sized halo should have around 500 subhalos around it, capable of hosting dwarf galaxies and satellites. [47] But so far only about 50 such satellites have been discovered. [48] The MW has bright dSphs, Sagittarius, the LMC and the SMC, thus much less than the 500 satellites, obtained in simulations, with larger circular velocities than Draco and Ursa-Minor. [46] 
Why dark matter self interactions?
It has been proposed by Spergel and Steinhardt in the year 2000 [49] that these small-scale problems of ΛCDM can be alleviated by self-interacting dark matter, with a self -scattering cross-section σ over DM mass, m in the range 0.1 ≤ σ/m ≤ 10 cm 2 /g [50] . It is believed that self-scattering of DM particles lead to a heat transfer that decrease the density in the centre of DM halos, thereby turning cuspy profiles into a cored profile and also reduces the subhalo population because of the reduced central density. Therefore, self-interacting dark matter addresses two major small-scale problems of LCDM -the core-cusp and the missing satellites problem. These results have been confirmed by several groups like Yoshida et. al. (2000) [51] and others for DM-only simulations with different self-interaction cross-sections. Below are the dark matter halo density profiles and subhalo population plots obtained by simulations of Yoshida's group: 
Constraints on self interaction cross sections
Several galaxy cluster mergers have been analysed in order to constrain this self-interaction cross-section. The absence of an offset between the stars and the DM halo in the Bullet Cluster constrains σ/m to ≤ 1.25 cm 2 /g at 68 % CL. [5] Observations of galaxy cluster Abell 3827, consisting of four central galaxies reveal an offset between the stars and the DM halo in one of the four systems, suggesting a σ/m ∼ 1.5 cm 2 /g [52] . Similar observations of cluster collisions constrain σ/m ≤ 0.47 cm 2 /g. [53] In general, astrophysical objects of different masses are affected differently by DM self interactions. Kaplinghat et al. 2015 [54] found a value of ∼ 2 cm 2 /g consistent with observations of dwarf and low surface brightness galaxies while a value of ∼ 0.1 cm 2 /g is necessary to explain observations of density profiles of galaxy clusters. Therefore, velocity dependent cross-sections are also invoked to explain the different observations at different length and mass scales.
Conditions for self-interaction
From the observation of spatial offsets between dark matter halo and stars in galaxies in the Abell 3827 cluster, the dark matter self interaction cross-section has been constrained to σ DM /m= 1-1.5 cm 2 /g. Using this information, Campbell et. al. [1] have constrained the single scalar dark matter model coupled to the Standard Model and two Higgs doublet models.
They have reported that a light dark matter of mass less than 0.1 GeV and produced by the freeze-in mechanism can have the necessary cross-section for self interaction. The analytical expression for self interaction cross section is given below [1] 
Here, m is the mass of the dark matter particle and λ ef f is the quartic coupling term of the dark matter field. The quartic couplic term should be less than 2π/3 to satisfy perturbative unitarity bound which arises from the requirement that the S-matrix of all interaction processes must be unitary. S † S = 1 . Using equation ( In this project, I have worked with two two-component singlet scalar dark matter models, where one of the dark matter components is capable of undergoing self-interactions, following the prescriptions of Campbell et.al. (2015) . In the next two chapters, I shall describe the two models and the analytical and numerical calculations involved in obtaining the relic density of the dark matter components of these models in keeping with the relic density limits set by PLANCK data.
Next, I shall describe in subsequent chapters the results of cosmological simulations obtained using the parallel TreePM code, GADGET-2 and its modified version for self-interacting dark matter, the SIDM-GADGET, [55] developed by Dr. Jun Koda, INAF, Italy and the analysis which I have done using those results.
Chapter 4 WIMP-FIMP Dark Matter model
In this model, the Standard Model of particle physics is extended by two scalar fields φ 1 and φ 2 , both of which are singlets under the Standard Model gauge group SU(2) L × U(1) Y . The φ 1 field is assumed to be a thermally produced WIMP dark matter candidate and the φ 2 field is a non-thermally produced FIMP dark matter scalar field. These fields couple among themselves but have no other interaction with Standard Model particles except through the Higgs doublet, H.
Description of the model
The Lagrangian of the model can be written as:
where L SM , L DM , L int are the terms in the lagrangian corresponding to Standard Model fields, dark matter fields, φ 1 and φ 2 and the inetraction terms of the dark matter fields respectively.
The terms corresponding to fields φ 1 and φ 2 are :
In order to ensure that the scalar fields φ 1 and φ 2 are stable and have no interaction with Standard Model fermions, a Z 2 × Z 2 symmetry is imposed under which either of the fields φ 1 and φ 2 are odd. This symmetry implies that if the sign of the fields φ 1 and φ 2 are changed, i.e., φ 1 → −φ 1 and φ 2 → −φ 2 , the Lagrangian itself should remain invariant. (L → L). Therefore all terms in the potential containing an odd number of fields will become zero, in order to satisfy this criteria. The resultant potential is the following:
Here, H is the Standard Model Higgs doublet given by:
where, ν is the vacuum expectation value (VEV) of Higgs with a value 246 GeV and h is the physical Higgs field. The φ 2 field has a VEV ν 1 whose value lies in the range 2 MeV ≤ u ≤ 10 MeV. The Z 2 × Z 2 symmetry is softly broken to a residual Z 2 symmetry under which both φ 1 and φ 2 are odd. This is done by explicitly adding the term αφ 1 φ 2 in the potential V . It is added in order to ensure diagonalizability of the mass-squared matrix which is obtained by minimising the potential with respect to the fields.
Obtaining the masses
Now in order to obtain the mass of the fields h, φ 1 and φ 2 , the potential is minimised with respect to the fields, considering all other fields to be zero.
In order to do that, first the physical value of the fields plus their VEV, i.e., H = 1 √ 2 0 ν + h φ 1 = φ 1 and φ 2 = φ 2 + ν 1 are substituted into the expression of the potential and then the partial derivatives are calculated
By calculating these derivatives we get three relations, which when substituted into the expressions of the double derivative of the potential with respect to each of the fields, the mass-squared matrix is obtained:
In order to obtain the eigenvalues, the matrix needs to be diagonalised by a unitary transformation, for which the PontecorvoMakiNakagawaSakata (PMNS) matrix is used: 
 
Here, c ij and s ij represent cos θ ij and sin θ ij respectively, where i,j runs from 1 to 3. The angles θ 12 , θ 23 and θ 13 are rotation angles needed to diagonalise the mass-squared matrix. The values of these angles are assumed to be very small.
The eignevalues obtained are denoted by M χ 1 , M χ 2 , M χ 3 , whose masses are: M χ 1 125 GeV, M χ 2 80-110 GeV and M χ 3 ∼ 7 keV. This mass range was chosen from the motivation that the heavier WIMP dark matter particle would explain the FermiLAT gamma-ray excess and the lighter FIMP particle would explain the 3.55 keV X-ray line observed from XMM Newton data as well as undergo self-interactions.
The Boltzmann equations
The relic abundance of the individual dark matter candidates are obtained by simulataneously solving the coupled Boltzmann equation of the particular dark matter model using a numerical code. For this work, I have modified the prescription of [56] based on a different model to accomodate the WIMP-FIMP dark matter model. The coupled Boltzmann equation of the WIMP-FIMP model is the following [57] :
where, x=fermions, W-bosons, Z-bosons, χ 2 , χ 3 Here, Y χ 2 = , where T is the photon temperature and s si the entropy density of the universe. M P l is the Planck mass and g * is given by:
g ρ (T ) and g s (T ) are the effective degrees of freedom of energy and entropy respectively. Different processes have different values of decay widths Γ and annihilation cross section σv . Their expressions are given by:
In the above equations, K 1 and K 2 are modified Bessel functions of first and second order respectively and s is the Mandelstam variable, which is equal to the square of the total momentum at each vertex of a Feynman diagram. In order to solve the Boltzmann equation the expressions of the decay widths and annihilation cross-sections of each of the production and decay channels are incorporated into the code and is solved to obtain the relic density. The motivation behind studying the WIMP-FIMP model was to explore a two-component dark matter model that encapsulates both thermal and non-thermal dark matter physics as well as is able to explain observations of possible dark matter signatures characteristic of both the regimes. The full spectrum of theoretical possibilities arising from a scalar WIMP-FIMP dark matter model can be explored later. For this work, however I have focussed on the FIMP-FIMP model, mainly from the motivation that WIMPs have in recent years, fallen out of favour as a viable dark matter candidate since more than 30 years of direct detection efforts have yielded null results. I have solved the numerical Boltzmann code and obtained the relic density for different values of the quartic coupling parameters for the FIMP-FIMP model, which is described in the next chapter.
Chapter 5 FIMP-FIMP Dark Matter model
In this model, the Standard Model is extended by two scalar fields S 2 and S 3 , both of which are singlets under the Standard Model gauge group SU(2) L × U(1) Y . Here the two dark matter components are assumed to be produced via a non-thermal mechanism because of their extremely feeble coupling with other particles. Just like the previous model it is assumed that the fields couple among themselves but have no other interaction with Standard Model particles except through the Higgs doublet, H. This model is described in detail in Biswas et.al. (2015) [56].
Description of the model
The Lagrangian of the model is given by:
A Z 2 × Z 2 symmetry softly broken to a residul Z 2 symmetry is imposed on the two fields to ensure their stability just like in the WIMP-FIMP model. The resultant potential is:
where v is the VEV of Higgs and has a value ∼ 246 GeV and u is the VEV of S 3 lying in the range 2 MeV ≤ u ≤ 10 MeV. S 2 does not have a VEV.
The term αS 2 S 3 in the potential V is explicitly added as a soft breaking term.
Obtaining the masses
The method of deriving the mass-squared matrix has been explained in the previous chapter. Following the same procedure, the matrix obtained is:
The eignevalues obtained from this matrix after diagonalisation using the regular PMNS matrix are M χ 1 , M χ 2 , M χ 3 , whose masses are: M χ 1 ∼ 125 GeV, M χ 2 50-80 GeV and M χ 3 ∼ 7 keV-0.1 GeV
Calculation of relic density
The relic abundance of the individual dark matter candidates were obtained by simulataneously solving the coupled Boltzmann equation of the particular dark matter model using the prescription in Biswas et.al. [13] The coupled Boltzmann equation of the FIMP-FIMP model is the following:
In the above equations, K 1 and K 2 are modified Bessel functions of first and second order respectively and s is the Mandelstam variable. The Feynman diagrams corresponding to the allowed production and decay channels are shown 
Results and Discussion
The plots of the relic density of the dark matter particles for different values of the coupling parameters are shown as follows: Fractional contribution of S 2 and S 3 to the total dark matter relic abundance for different values of λ 12 and λ 13
The parameter space of the coupling parameters are shown below [56] : Figure 5 .4: Allowed ranges of model parameters λ 12 , λ 13 , θ 12 , θ 13 , θ 23
The allowed values of the parameters λ 12 , λ 13 and mixing angles θ 12 , θ 13 , θ 23 obtained from We can see that for different combinations of the model parameters, the fractional relic density of the two FIMP components changes, as shown in Figures 5.2 and 5.3 (a) and (b) . It is ensured that for all the three combinations, the relic density is within the prescribed limit for dark matter set by PLANCK results, which is 0.1172≤ Ω DM h 2 ≤0.1226. In the context of dark matter self-interactions, this freedom of being able to tune the parameters and thereby change the fractional contribution of S 2 and S 3 is particularly important, since dark matter particles of all masses are not capable of undergoing self-intercations, as proved by Campbell et.al. [1] . Only those particles with masses within 0.15 GeV can self-interact, for allowed values of self-interaction cross-sections. Therefore, this model gives me the freedom to set what amount of dark matter in the universe would undergo self-interactions. Simulation results that predict that amount or percentage can hence be used to constrain these parameters of the model. In the next chapters, I describe results of cosmological simulations of self-interacting dark matter and discuss its impact on large-scale cosmology.
Chapter 6 Cosmological Simulations
In order to test the impact of dark matter self interactions on large scale structures, I ran cosmological N-body simulations using the parallel TreePM code GADGET-2 developed by Volker Springel for ΛCDM simulations and a modified version of GADGET for self-interacting dark matter called the SIDM-GADGET developed by Dr. Jun Koda. [55] .
It is to be noted here that running large scale cosmological simulations is computationally expensive and requires advanced CPU capabilites, possibly threaded together with 10-12 processors and run parallely. Due to the unavailability of such resources, I had to limit my simulations to a small box of side length 10 Mpc and (32) 3 particles, which is very less for a cosmological simulation. Although, at such a small length scale the fundamental modes are strictly in the non-linear regime, the purpose of my investigation here is to use the simulations to compare ΛCDM universe with different self-interacting dark matter models and infer any large-scale changes from them. Therefore, these simulations are run under the sole motivation of comparison between different models alone and are not meant to reveal any precise details of the real universe or match with actual observations. 6.1 Description of N-body codes 6.1.1 GADGET-2 GADGET-2 is a freely available N-body code for cosmological and hydrodynamic simulations, developed by Volker Springel. [58] The first version of GADGET was released in March 2000 and has since then been widely used for different kinds of simulations like: cosmological structure formation, spherical collapse of self-gravitating spheres of gas and galaxy collisions. It is a TreePM code, which means it distributes the particles in the system in a tree-like structure and uses a Particle Mesh (PM) algorithm to solve long range gravitational forces. The long range forces are approximated by regarding distant groups or clusters of particles as a single unit, whose mass is equal to its centre-of-mass. This algorithm is faster than other algorithms for N-body problems and is able to successfully avoid the pitfalls of other methods with regard to the resolution of short range forces.
SIDM-GADGET
The SIDM-GADGET code for self-interacting dark matter incorporates self-scattering between dark matter particles with a cross-section that is supplied by the user. Self-interactions are treated using a Monte-Carlo approach in which two particles scatter if a random number be-tween (0,1) is less than the local scattering probability within a given simulation time-step given by ∆t. The scattering probability is given by:
where, ρ ij is the local density of the region, v i and v j are the velocities of the two particles considered and m is the mass of the dark matter particles. The discretised distribution function f of the particles is given by:
where W (x, r k ) is a spline kernel function of size r k . Each macroparticle i, centered at r i , is coarse-grained over a finite spatial patch using the cubic spline kernel W (x, r k ). The local density is defined as:
Using the SIDM-GADGET code, we can model different dark matter physics, including scenarios where the dark matter particles have a velocity-dependent self-interaction cross-section which is Maxwellian or a power-law velocity distribution. Other models include dark matter interaction via a Yukawa potential, which has been studied in some scenarios. [59] 
Simulation results and Discussion
I have run cosmological DM-only simulations for the following dark matter models:
• ΛCDM
• σ/m= 0.47, 1.0, 1.5, 10.0, 300.0 cm 2 /g, where σ/m is the DM self scattering cross-section per unit mass.
• Velocity dependent cross-section -Maxwellian distribution.
• DM-DM interaction with a Yukawa potential.
The halo catalog and halo-mass function described later has been plotted using only the ΛCDM and velocity-independent cross-sections. The initial conditions were generated using the publicly available code, N-GenIC by using the Eisenstein and Hu matter power spectrum [60] . As we can see, there is no apparent difference between ΛCDM and self interaction models, thereby confirming the fact that DM self interactions do not affect structures at large scales and thereby retains the success of ΛCDM at large scales. However, a separate simulation at only z=0 for each of these models revealed small fluctuations in the density and size of the halos. Now that it is established that dark matter self interactions do not change the number of halos at cosmological scales, with possible changes at the sub-halo scales, I have plotted the halo mass function and the halo catalog using a Friends-of-Friends (FOF) algorithm as described in the next section.
Halo mass function
The halo mass function is a plot of the cumulative number of halos vs. mass obtained from a cosmological simulation. Several algorithms for finding halos exist, a popular method being the Friends-of-Friends which has been implemented here. I have used a halofinder code to identify the halos and to obtain the cumulative halo mass function. The description of the Friends-of-Friends algorithm is given below:
Friends-of-Friends(FOF) algorithm
The FOF algorithm is used to identify structures in numerical simulations based on the physical proximity of the particles. The single free parameter in the FOF approach is the linking length which is often quoted in terms of the mean inter-particle separation. Two particles are called 'friends' if the distance between them is less than the linking length and if this two particles have more friends associated with them, they form a cluster. A cluster consisting of some specified number of particles form a halo. In this work, I have set the condition that a cluster consisting of 30 particles form a halo and the linking length is set as 0.2 Kpc. Using this, a linked list consisting of the masses of the identified halos and the number of particles constituting them are generated, which is used to generate the halo catalog. We can see from the figure above that there is very little change in the total number of halos for even very extreme and unrealistic cross-sections like 10 and 300 cm 2 /g, implying that self interacting dark matter preserves the large-scale success of ΛCDM with regard to halo population. The halo catalog showing the number of halos corresponding to each mass bin is shown below: We can see that the number of halos corresponding to each mass bin follows a more or less similar pattern for each of the cross-sections, despite small fluctuations. A similar analysis with better mass resolution and more number of particles would be interesting since that would help indicate whether there is some mass scale where the effect of self-interactions on number of halos is more pronounced. The plot above suggests that the fluctuation is more on small mass scales (60-110) ×10 10 M . A larger simulation would reveal whether or not this is due to some statistical effect or an underlying physics.
Results

Subhalo population
I made an attempt to find out the subhalo population from the simulation snapshots using the code Amiga Halo Finder (AHF) which is freely available online. Having run the code, I found no subhalos. This is expected since (32) 3 particles and 10 Mpc box size is too small for a cosmological simulation. I plan to run a larger simulation with (512) 3 particles and use AHF to calculate the subhalo population and match my results with the predictions of self-interacting dark matter.
Chapter 7 ETHOS-An Effective Theory of Structure Formation
In this chapter, I shall briefly describe the newly developed ETHOS framework by Mark Vogelsberger and his group [2] and the impact on the matter power spectrum of a particular ETHOS toy-model.
What is ETHOS?
Until very recently, dark matter physics research had been undertaken separately by two communities: particle physicists, who primarily work on the phenomenological aspects of dark matter physics, like the designing of dark matter models and working out the nature of their interactions with observed matter; and cosmologists who use the prevalent knowledge of dark matter physics to address several important cosmological questions like large-scale structure formation and evolution, galaxy evolution, mergers etc.
ETHOS represents a shift in the paradigm in the sense that it directly tries to investigate how dark matter particle physics models affect the growth of structure by putting together both particle physics models and cosmological parameters into a single framework. It is a mapping of particle physics theories into physical effective ETHOS parameters that shape the linear matter power spectrum and transfer function. As desribed in the first ETHOS paper, [2] "The usefulness of such a framework is clear: all dark matter particle models that map to a given effective theory can be simulatneously constrained by comparing a single ETHOS simulation to observations at no extra cost or effort." In order to test the ETHOS paradigm, the publicly available code ETHOS-CAMB [2] has been used for the work described below:
An Example
Following is an example of a toy model, whose impact on the linear matter power spectrum is studied using the ETHOS framework. The details of this work is described in the paper. [61] . Here I have reproduced a very small part of that work.
The DM particle in this model is a Dirac fermion χ that interacts with a nearly massless sterile neutrino, which plays the role of dark radiation through a massive vector boson φ µ . The interaction Lagrangian is given by: The oscillatory and damping features relative to ΛCDM as evident in the power spectrum are signatures of Dark Acoustic Oscillations (DAO) [63] and Silk damping. Dark Acoustic Oscillations arise in the early universe when DM and DR were tightly coupled and the collapse of DM density perturbations are prevented by the pressure created by the DR fluid. We can see from Figure 7 .1 that the oscillatory DAO features arise at length scales smaller than 1 Mpc. The observed matter power at such small scales are heavily suppressed, as can be seen from the WMAP data. [67] Therefore, the model cannot be constrained from the WMAP best fit power spectrum. Lyman alpha or weak lensing data at smaller length scales may be used for that purpose.
Chapter 8 Conclusion
The aim of this project was to establish a theoretical particle physics model for dark matter that can interact with itself and to study its effect on the large scale structure of the universe. After having constructed the models, the relic density for the FIMP-FIMP model was calculated. I have then tried to investigate the halo population of different dark matter models and found no observable large scale difference. However minor changes in the subhalo population exists, as apparent from the simulation snapshots. While the small scale simulations do not reflect any changes, in order to quantify the change, much larger simulations are needed on box size of large length scale, so that the analysis can be done in the linear regime.
The connection between the theoretical model and the cosmological simulations was done by tweaking certain interaction parameters in the potential of the FIMP-FIMP dark matter system, so that the maximum contribution to the total dark matter content of the universe came from the lighter FIMP particle which could undergo self-interactions, following the prescription set by Campbell et.al. (2015) . This work can therefore be thought of as an attempt to directly use a particle physics model to understand a cosmological problem, which is also the philosophy behind the newly developed elaborate ETHOS framework. I have in conclusion reproduced a small portion of the results of the paper [61] in order to test the ETHOS scheme on my own and explore the vast posibilities of this new scheme.
Future Work
In the future, I plan to large larger simulations, possibly with (512) 3 particles and box size of 150 Mpc or more and check for changes in subhalo population for different dark matter self interaction models using AHF. Also, the change in density profiles of subhalos and rotation curves of galaxies can be inspected for and compared with ΛCDM. Further, simulations of isolated halos can give us an idea about the change in ellipticity of halos predicted for many self-interacting DM models, including Yoshida et.al.(2000) [51] . Besides, the same checks can be made for velocity dependent self-interaction cross-sections and compared with ΛCDM. It may hence be possible to derive some length scale for which self-interaction cross-sections show a velocity dependence and otherwise. Further work can also be done with ETHOS and the full implications of different ETHOS models on cosmological structure formation can be studied and the models can be simulatenously constrained from observations.
